Abstract Using high temporal resolution optical data obtained from three-wavelength all-sky imagers at Chinese Yellow River Station in the Arctic, together with the EISCAT Svalbard radar (ESR) and SuperDARN radars, we investigated the dayside poleward moving auroral forms (PMAFs) and the associated plasma features in the polar ionosphere under different interplanetary magnetic field (IMF) conditions, between 0900 and 1010 UT on 22 December 2003. Simultaneous optical and ESR observations revealed that all PMAFs were clearly associated with pulsed particle precipitations. During northward IMF, particles can precipitate into lower altitudes and reach the ionospheric E-region, and there is a reverse convection cell associated with these PMAFs. This cell is one of the typical signatures of the dayside high-latitude (lobe) reconnection in the polar ionosphere. These results indicate that the PMAFs were associated with the high-latitude reconnection. During southward IMF, the PMAFs show larger latitudinal motion, indicating a longer mean lifetime, and the associated ionospheric features indicate that the PMAFs were generated by the dayside low-latitude reconnection.
Introduction*
The dayside polar region is where particles, momentum, and energy from solar wind can be transported into the magnetosphere. This coupling process and associated physical courses can map to the polar ionosphere along open magnetic field lines and produce various auroral phenomena. Poleward moving auroral forms (PMAFs) are one of the most common features of the dynamics of dayside polar ionospheric and auroral phenomena [1] [2] [3] [4] [5] [6] [7] [8] [9] . These transient forms usually start at the equatorward boundary of the dayside auroral oval and then move poleward, where they fade and finally disappear in the polar cap, several degrees poleward of the auroral oval [1, 3] . The PMAFs are frequently observed between 0900 and 1500 MLT, appearing as auro-* Corresponding author (email: xingzanyang@pric.gov.cn) ral arcs or arc fragments with lifetimes 2-15 min and recurrence times 3-15 min [2, 9] . There are several studies on the mechanisms of dayside PMAFs. Liu and Sibeck [10] suggested that the PMAFs can be caused by solar wind pressure pulses. However, extensive statistical studies have shown that solar wind pressure pulses are not be the main mechanism of PMAFs [2, 9] . At present, the PMAFs are widely accepted as typical ionospheric signatures of magnetic reconnection on the dayside magnetopause, in the form of flux transfer events (FTEs). The newly reconnected flux tube is pulled tailward by the solar wind, triggering the PMAF event. Long-term auroral observations show that the majority of PMAFs occur under southward interplanetary magnetic field (IMF) conditions, consistent with the higher reconnection rate at the dayside magnetopause [2, 9, [11] [12] [13] [14] . However, the PMAFs are also relatively frequently observed under northward IMF conditions, which may be associated with the effect of high-latitude (lobe) reconnection [2, 9, 13] . In addition, the PMAFs are also influenced by the IMF B y component and they move along the direction of the magnetic field tension force acting on the newly reconnected flux tubes, which are caused by the magnetic reconnection [2, [14] [15] [16] . In the present study, we used high temporal resolution auroral data from the Chinese Yellow River Station at Ny-Ålesund, together with data from the EISCAT Svalbard radar (ESR) and SuperDARN radars. We investigated the dayside PMAFs under different IMF conditions during 0900-1010 UT on 22 December 2003. We focused on revealing the various features in auroral forms, auroral movements and ionospheric plasma dynamics associated with different IMF conditions, i.e., northward and southward IMF.
Instruments and data
The Chinese Yellow River Station (YRS) is located at Ny-Ålesund, Svalbard in the Arctic. Because of its high geographic latitude (78.92°N), YSR is one of the few ground stations that can make relatively long-term optical auroral observations of the dayside during the boreal winter season. Moreover, since YRS is at 76.24°N corrected geomagnetic latitude, i.e., near the cusp latitude, it is an ideal site for monitoring dayside auroral phenomena, such as PMAFs, and ionospheric responses to various dynamic processes in the dayside magnetospheric boundary layer. An optical observation system [5, 17] , consisting of three identical all-sky imagers (ASI) with narrow band filters centered at wavelengths 427.8, 557.5 and 630.0 nm, was installed at YSR in November 2003. Since then, continuous optical observations have been made over nine winters using the three ASI. We analyzed auroral data with a high time resolution of 10 s.
The EISCAT Svalbard radar (ESR), located at Longyearbyen, consists of a 32 m steerable antenna and a 42 m antenna. The 42 m antenna is permanently directed parallel to the local geomagnetic field (azimuth 180.6°, elevation 81.6°). The ESR observes the electron density and temperature, ion temperature and ion velocity, and is a powerful tool for investigating plasma flow dynamics. Only data from the field-aligned 42 m antenna are used herein.
The SuperDARN HF radars are designed to investigate field-aligned ionospheric plasma density irregularities and large-scale magnetospheric-ionospheric coupling [18] . Largescale ionospheric plasma convection maps can be derived from multiple radars using the "map potential" analysis algorithm [19] . We used the Northern Hemispheric SuperDARN data to produce ionospheric convection maps.
The Advanced Composition Explorer (ACE) was launched in August 1997 into a halo orbit around the L1 point to monitor upstream solar wind and IMF conditions. Solar wind data at 64 s resolution from the Solar Wind Experiment and IMF data at 16 s resolution from the magnetometer instrument aboard the ACE spacecraft were also used. 
Observations

Solar wind and IMF observations
Auroral observations
Figure 2 presents keograms for 427.8 nm, 557.7 nm and 630.0 nm auroral data at YRS during 0900-1010 UT on 22 December 2003, respectively. The keogram for each band is formed by placing the pixel strips continuously, which are extracted along the geomagnetic north-south direction from continuous all-sky images. The keogram represents both latitudinal and temporal variations of emission intensities along the magnetic meridian, and is usually presented as a function of zenith angle and UT. The magnetic latitude corresponding to zenith angle is shown by the right y-axis, assuming maximum heights of auroral emissions at 120 km (427.8 nm), 150 km (557.7 nm) and 220 km (630.0 nm) [5] . PMAFs are identified in the keograms as long poleward moving structures, slanted toward increasing time. According to the criteria described above, eight PMAFs were found during the period of interest, marked by the red bias lines (a-h) in Figure 2 . We focused on PMAFs b and c under northward IMF conditions and PMAFs e -h under southward IMF conditions. The IMF experienced polarity turnings during PMAF events a and d. The black dashed line in the bottom panel of Figure 2 shows the equatorward edge of the brightening 630.0 nm aurora, which may be excitated by soft electrons from the magnetosheath and be considered the open-closed boundary of the field line (OCB) [8, [20] [21] [22] [23] . The approximate location of the ESR with zenith angle 29.06° is marked by the horizontal white line in Figure 2 , assuming emission peaked at altitude 220 km [24] . Some PMAFs occurred equatorward of the ESR, and some PMAFs crossed the ESR. As seen from Figure 2 , the dayside oval was south of the zenith and moved to lower latitude as the IMF was rotated from northward to southward. During the northward IMF, the PMAF intensity at YRS was enhanced at all wavelengths (630.0 nm, 557.7 nm and 427.8 nm). However, during the southward IMF, the auroral intensity decreased and the PMAFs moved to higher latitude and had longer lifetimes. Figure 3 shows a multi-panel plot of the electron density (Ne), electron temperature (Te), ion temperature (Ti), and ion line-of-sight velocity (Vi, positive velocities away from the radar), as measured by the field-aligned ESR antenna during 0900-1010 UT on 22 December 2003. This is plotted as a function of altitude (100-800 km) and UT. Figure 3 shows ESR measurements in association with the PMAFs, as marked by the red vertical dotted lines a-h. We clearly see that the ESR recorded elevated and well-structured electron density with concurrent elevated electron temperatures associated with PMAFs, indicating pulsed particle precipitations [25] [26] . Events a-d were accompanied by clear enhancements of Ne, which were 2-3 times higher than background electron density, whereas events e-f showed no clear enhancements. This may be caused by two reasons. First, events a-d occurred during a northward IMF or a southward turning just after a northward IMF, which could be associated with high-latitude (lobe) reconnection with low reconnection rate. However, events e-h were observed during a southward IMF or a northward turning after a southward IMF, which is attributable to low-latitude reconnection with a higher reconnection rate. Zhang et al. [27] reported that a number of newly reconnected flux tubes (FTEs) were produced because of the higher reconnection rate during southward IMF, and these convected tailward along the ionospheric convection streamlines at different velocities, so an accumulation could have formed. Thus, electron precipitations in the separated flux tubes could mix with each other and smear the boundary between them (e.g., events e-h, especially events e and h in Figure 3) . Second, although the studied interval was on the dayside near local noon (LT=UT+1 h) in midwinter, the atmosphere above 250 km altitude remained sunlit. Hence, the solar EUV ionization would likely result in high-density plasma near or equatorward of the subauroral regions in the polar ionosphere. During a southward IMF, the OCB would leap equatorward to the subauroral reservoir of high-density plasma, followed by a poleward relaxation of that boundary, carrying the high-density plasma and forming the polar cap patch. This is consistent with expected evolution of the dayside magnetopause reconnection. When the reconnection rate is low, polar cap patches can be easily separated and show high-density and low-temperature plasma in the ESR data (marked with red arrows in Figure 3 ). When the reconnection rate is high, the accumulated effect and poleward relaxation of the OCB carrying the high-density plasma may lead to enhanced background plasma density, which may weaken the influence of particle precipitations owing to reconnection, and smear the boundaries between them [28] . We clearly see that the ESR recorded different ionospheric signatures under the two IMF conditions. During the northward IMF, the enhancements of Ne reached an altitude of 120 km (see events b and c in Figure 3) , with concurrent elevated Te (up to 5 000 K). At the same time, the 557.7 nm and 427.8 nm auroral emissions were stronger than those during the southward IMF. These results indicate that the high-energy particles precipitated into the ionospheric E-region. However, during the southward IMF, the enhancements in Ne were at F-region altitudes ( > 200 km), with concurrent elevated Te; i.e., low-energy particle precipitations in the F-region. A difference was also identified in ion temperatures (Ti): Ti was less than 1 000 K for northward IMF (lower than background) vs. > 2 000 K for southward IMF (with apparently elevated structures). The enhanced and structured plasma density may result from low-energy particle precipitation, owing to low-latitude reconnection and local Joule heating under southward IMF conditions. Figure 4 shows the large-scale convection pattern in the Northern Hemisphere, obtained using the "map potential" algorithm. Flow vectors were derived using SuperDARN velocity measurements. Concentric circles indicate lines of constant magnetic latitude in 10° increments, with noon at the top and dawn to the right in each pattern. The IMF in the Y-Z plane is shown as a red vector, under which the time delay from ACE to the ionosphere is presented in parentheses (44 min). The color and length of the drift vectors indicate convection velocities, with maximum value 1 000 m·s -1 in red. The position of YRS is marked by the black dot. As seen in Figure 4 , during the northward IMF over the period 0916-0918 UT, the global convection pattern had a complex, multi-cell configuration. A reverse convection cell, one of the typical signatures of dayside high-latitude (lobe) reconnection in the polar ionosphere, was created on the northwest side of YRS. At the same time, PMAF event c was observed near the lobe region governed by anti-sunward flows (Figure 4a ). During the southward IMF over the period 0956-0958 UT, convection appeared in an asymmetric two-cell pattern, with the larger one on the dusk side. PMAF event g, as seen by the ASI, occurred on the dusk cell near the cusp region and was dominated by poleward convection, with increased convection velocities marked by the red vectors. Note that the moving directions of the PMAFs seen by the ASI are consistent with ionospheric flow directions for the northward and southward IMF. 
ESR observations
SuperDARN observations
Discussion
PMAFs are one of the most intensively investigated phenomena in the dayside high-latitude ionosphere, and are commonly interpreted as an ionospheric signature of magnetic reconnection [2] [3] [4] [6] [7] [8] [9] [11] [12] [13] [14] [15] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Both case studies and statistical studies based on long-term auroral observations have shown that the majority of PMAFs occurred during southward IMF, suggesting an association with enhanced low-latitude reconnection on the dayside magnetopause. However, previous studies have also found that PMAFs frequently occur during northward IMF conditions, which suggests lobe reconnection as a possible source [2, 9, 13] . In the present study, using auroral data obtained from YSR together with the ESR and SuperDARN radars, we investigated in detail the dayside PMAFs associated with different optical and ionospheric features and relevant physical dynamics during northward and southward IMF conditions. During northward IMF, the auroral oval was at higher latitude; PMAFs moved poleward more slowly and were stronger at 557.7 nm and 427.8 nm auroral emissions than during southward IMF. The elevated and structured electron density observed by ESR reached an altitude of 120 km in the polar ionosphere. These results indicate that highenergy electrons precipitated into the ionospheric E-region, leading to observation of PMAF events. By assuming that the auroral emission (427.8 nm) peaked at altitude 120 km, PMAFs were observed over the ESR beam with zenith angle of 45.21°. Although the ESR was located poleward of the PMAFs, enhancements of Ne and Te were simultaneously observed in the ESR data [30] . As seen from SuperDARN radar observations, we clearly see that a reverse convection cell was created on the northwest side of YSR, and the associated PMAFs seen by the ASI occurred near the antisunward-stream region of the lobe cell, which is considered one of the typical signatures of high-latitude (lobe) reconnection [36] [37] [38] . During high-latitude reconnection under northward IMF, lobe-reconnected lines allow auroral precipitation particles to move along streamlines of ionospheric convection, and lead to observations of PMAFs near the lobe region with antisunward-stream flow.
When the IMF turned southward, the auroral oval expanded equatorward because of low-latitude reconnection. There were some channel-like structures in Ne, Te, Ti and Vi, and the associated PMAFs were accompanied by ionospheric ion upflows owing to soft particle precipitation. These features are considered an ionospheric signature of FTEs in the polar ionosphere, generated by low-latitude reconnection on the dayside magnetopause [25] [26] 39] . As seen from SuperDARN radar data, it is clear that there was an asymmetric two-cell convection pattern distorted by IMF B y (Figure 4b ), and PMAFs seen by the ASI occurred near the antisunward-stream region of the dusk cell. The directions of motion of the PMAFs were consistent with ionospheric flow directions. During low-latitude reconnection under southward IMF, particles in the newly reconnected flux tube pulled tailward by solar wind, precipitated along the magnetic field lines down into the polar ionosphere, triggering the PMAFs.
The PMAFs showed a larger latitudinal motion when the IMF was southward than when it was northward. During the northward IMF, the lobe cell generated by high-latitude reconnection was confined at the dayside high latitude magnetopause, and the associated PMAFs resulting from particle precipitation inside the lobe cell were also confined to this region. However, during the southward IMF, the open field lines resulting from low-latitude reconnection can be pulled into the magnetotail, so the PMAFs can move to higher latitude and have longer lifetimes.
Conclusions
We investigated auroral and plasma features of the dayside PMAFs under different IMF conditions, based on high temporal resolution auroral and radar data on 22 December 2003. A series of PMAFs were observed to brighten at the equatorward boundary of the dayside auroral oval, and then propagate poleward under both northward and southward IMF conditions.
From simultaneous optical and ESR observations, we clearly see that all PMAF events were associated with pulsed plasma precipitations. During the northward IMF, high electron density reached an altitude of 120 km, which may be attributed to high energy particles precipitated along the open field lines down into the ionospheric E-region associated with high-latitude reconnection. However, during the southward IMF, high electron density occurred at altitudes greater than 200 km, with apparently elevated Ti associated with ion upflows, which may be attributed to low-energy particle precipitation and Joule heating associated with low-latitude reconnection.
During the northward IMF, the PMAFs observed by the ASI occurred near the antisunward-stream region of the lobe cell associated with high-latitude reconnection. During the southward IMF, the PMAFs occurred near the antisunward-stream region of the dusk cell and moved over a larger latitudinal range because of low-latitude reconnection. In addition, the directions of motion of the PMAFs seen by the ASI were consistent with ionospheric flow directions and the effect of magnetic reconnection.
